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GRAIN DAMAGE DUE TO AGRICULTURAL MACHINERY
PART I - HARVESTING MACHINES (SURVEY ONLY) 
AND AUGER CONVEYORS
BY A. W. ROBERTS. (Senior Lecturer) 
and P. C. ARNOLD. (Lecturer)
(i)
SUMMARY
This report gives a survey of grain damage in harvesting 
machines and describes an investigation performed to study the 
extent of grain damage caused by auger conveyors. Experiments 
were conducted on an auger test rig comprising two augers, one 
six inch and the other eight inch. In each of two series of 
tests performed at different speeds, wheat at 9$ (wet basis) 
moisture content was circulated through both augers up to 
fifty times. It was found that the increased damage was 
negligible. However, attention is drawn to certain design 
features such as radial casing clearance and discharge 
arrangements which may be critical as far as damage is concerned. 
In view of the grain damage that occurs in the critical speed 
range for transverse vibrations, operation of augers in this 
range should be avoided.
The low flexural rigidity of auger conveyors often results 
in the critical speeds for transverse vibrations occurring well 
within the working speed range. Operation at or near the 
critical speed should be avoided, not only for the safeguard
(ii)
of the conveying machinery itself, but also because of the 
increased damage which is inflicted upon the material being 
conveyed. The critical speed may be computed with sufficient 
accuracy for practical purposes by neglecting the stiffening 
effect of the helical blade and basing the calculations on the 
central tube forming the core or shaft of the conveyor flight.
Experimental studies were performed to support the critical 
speed theory, good agreement being obtained. The theory and 
discussion covers the cases of the auger conveyors with two 
support bearings and conveyors having only one support bearing.
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SECTION 1. INTRODUCTION
In Australia at the present time there is an ever increasing 
demand for higher quality wheat. As a result, considerable 
effort is being maintained to ensure that as much of the 
wheat grown as possible meets the required standards. One 
of the problems which is causing some concern is the incidence 
of grain damage, particularly in view of the increased 
mechanisation of the harvesting process and the associated 
emphasis on bulk handling. While controls are imposed to keep 
the acceptable level of cracked or broken grain within specified 
limits, it is even of greater importance that the causes of 
grain damage be understood so that a suitable remedy can be 
prescribed.
Grain damage may be classified into two categories, namely, 
visible and invisible damage. Visible damage, that is cracked 
or broken grain, is usually measured on a volume basis by 
sieving a standard sample in a 2mm. slotted mesh screen^
5 per cent of cracked grain in a consignment is normally regarded 
as the maximum acceptable level. Invisible damage applies to
1.
grain which is apparently sound but fails to germinate.
Standard germination tests are used to assess this type of
■?c
damage (1)
Grain damage may be due to a number of factors. For 
instance climatic conditions prior to the harvest may have 
seme influence? in this respect changes in temperature and 
humidity may cause internal cracks or fissures, thus increasing 
the susceptibility to later mechanical damage by harvesting and 
conveying equipment. On the other hand, damage may be due 
entirely to "rough handling" in harvesting and conveying 
equipment., 'The important factors to be considered here are 
impact and crushing. In the former case, impact velocities 
should be kept as low as possible to reduce the effect of damage? 
for the latter, proper attention should be given to such items 
as clearances and feeding and discharge arrangements to ensure that 
the grain is unrestricted in its motion and therefore unlikely 
to be crushed.
One of the principal causes of grain damage lies in the
* Fumbers in parenthesis refer to the bibliography.
harvesting process, particularly during the threshing operation.
A number of investigations have been performed (12-39) > to 
determine the extent to which grain is damaged by threshing? the 
emphasis has been on the beater-drum and concave type threshers 
which are commonly employed in harvesting machines. In general 
it has been established that the most significant factor in 
causing increased damage is high drum, speed. Other methods of 
threshing have also been studied and, in certain cases, grain 
damage has been lower than normal. In view of the importance of 
the harvesting operation in the role of grain production, a 
survey of the investigations into grain damage due to harvesting 
has been made and is included in Section 2 of this bulletin.
During recent years, the Mechanical Engineering Department of 
Wollongong University College has been engaged in research 
relating to the bulk handling of grain. The research in the past 
has been confined to auger conveyors with particular reference to 
performance characteristics; this work has previously been 
published (2, 3, 4? 5)» In view of the general design 
characteristics and operating speeds of augers, it was considered
that repeated handling of grain by auger conveyors could result 
in grain damage. For this reason, the auger work has now 
been extended to include an investigation of grain damage.
While certain aspects of this work has been the subject of 
separate papers (6, 7, 8), the full details of the grain damage 
investigation are given in Section 3 of this bulletin.
Associated with the work on grain damage is the study of 
mechanical and rheological properties of wheat grains which 
is now in progress. One aim of the study is to establish 
the conditions under which various varieties of wheat are most 
likely to be damaged during handling. Some preliminary 




SECTION 2. SURVEY OF INVESTIGATIONS INTO GRAIN DAMAGE BY 
HARVESTING MACHINES
2.1 GRAIN DAMAGE DUE TO HARVESTING
(a) Investigations in New Zealand
King and Riddolls of the Canterbury Agricultural 
College, Lincoln, New Zealand, performed an investigation 
to determine the extent of both visible and invisible 
damage caused to wheat and pea seed during threshing 
after harvesting (12, 13, 14)» In the initial stages 
they had proposed to use a commercial harvesting 
machine but experienced certain difficulties which 
rendered this particular machine unsatisfactory for 
the experimental work. For this reason, a small 
header harvester was designed and constructed specially 
for use in the investigation (13). This machine 
incorporates an 18 inch diameter threshing drum of the 
rasp bar type with 8 threshing bars. The concave is 
of the closed type and has 5 concave bars.
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The first phase of the investigation was confined 
to wheat and pea seed at relatively low moisture 
content (12). A study was made of the damage caused 
by various combinations of drum speed and concave 
clearance? Fig. (1) shows the typical results obtained 
for wheat. An analysis of variance performed for the 
results of both the wheat and pea seed clearly showed 
that increasing drum speed is the most significant 
contributing factor in causing increase in damage. 
Variation in concave clearance was shown to have a 
relatively insignificant effect on damage although the 
trend was towards increasing damage as concave 
clearance was reduced particularly at the higher drum 
speeds. It is important to note the magnitude of the 
damage by threshing as shown by this investigation.
For instance, it can be observed from Fig. 1 that 
the damage in one case exceeded 4-0$ and although this 
may be an extreme condition, it clearly indicates that 
the speed and clearance should be selected as close as 
































F/g 2 - E f f e c t  O f  D r u m .  S p e e d  Asit> h o i  s t o r e  C o n t e n t :
— ------ — ■> i ,r .--.-..y fV|..T.---—-,~r~rti, VinT'V ~irrirrrn- <---- ,-,, u nn-»i|f|.Mt in I ‘ i !*’■<■ r i r ■■(  I Jifcn LWHIHJ - I...........II ......  .... m ■ ii iiiwiai .■ ....... ...........  ., _  .
(ULn-jt, & H ipo o l.l.$, I9C2.)
f
The second phase of the work of King and Riddolls 
was devoted to studying the effect of varying 
moisture content on damage (14). In this case 
both drum speed and moisture content were varied, 
but drum clearance was kept at a value chosen from 
the experience obtained from the previous work.
Fig. 2 shows typical results. Again drum speed 
is the critical factor as far as damage is 
concerned, but it is interesting to observe the 
effect of increasing moisture contentp the wheat 
clearly suffered increase in damage, but the pea 
seed appears to exhibit an optimum range of moisture 
content within which wastage is a minimum.
(b) Investigations in Great Britain
A series of investigations into grain damage by 
harvesting machines has been carried out by Arnold 
et al at the National Institute of Agricultural 
Engineering (N.I.A.E.) (15 - 25).
In one investigation performed on oats (17)» a 
range of cylinder speeds and concave clearances were 
adopted at five different moisture levels.
Following combine harvesting the oats were stored 
in semi insulated containers for a period of six 
months. Throughout this period, regular germination 
tests and mould assessments were carried out in order 
to ascertain the degree of damage suffered by the 
grain at threshing, and the influence of damage on 
keeping quality.
The results show that least damage occurred for 
grain harvested at between 19 and 22% moisture content. 
Increased speeds also proved detrimental and emphasised 
the need for low speed operation for damage to be kept 
to a minimum. In general, variations in concave 
clearance produced no significant effect on damage.
Close concave clearances resulted in slight reductions 
in germination for the harvest moisture contents between 
16 and 25$, but outside this range the effect was not 
consistent.
A similar investigation was performed on barley 
combine harvested at two different moisture levels 
using five different cylinder speeds and concave 
clearances (l8 ). While the two mean moisture contents 
of 17.7 and 24.5% showed little variation in the 
damage results, the most severe damage resulted 
from operation at both high drum speed and small 
clearance.
Following these previous investigations, Arnold
performed similar experiments to assess the harvest
damage caused to Peko Wheat (19). Whereas a
commercial combine harvester had been employed in the
earlier work, in this case the crop was cut with a
binder and threshed with a specially designed
stationary threshing machine. The wheat was threshed
at five moisture levels between 16 and 2 5 using five
different speeds of the threshing cylinder in each
case. The concave clearance was kept constant
throughout the experiments at —  , §- and — inch for16 16
the inlet, middle and outlet respectively. The result
obtained were, in general, similar to those of King 
and Riddolls (12,14) and also followed the trends 
obtained from a survey of grain damage due to 
threshing (20). It was concluded, that if the lowest 
possible cylinder speeds are used at grain moisture 
contents below 20$, damage can almost be completely 
avoided.
Hebblethwaite and Hepherd (21 ) have published 
a test procedure for combine harvesters, the procedure 
being based on experience gained during testing and 
research work at the N.I.A.E. This publication 
includes a definition of what constitutes damaged 
grain and it specifies that grain damage should be 
measured on a weight basis.
In a further paper (22) Hebblethwaite and Arnold 
considered design aspects of the combine harvester.
They suggest that the rasp bar drum method of threshing 
has many advantages over other methods. However, they 
also point out that more research is required to improve
the operation of the rasp bar drum to give greater 
threshing efficiency and less grain damage. The 
aim in concave design is to have the grain threshed 
as early as possible in its passage through the drum 
and then obtain maximum separation. In the light 
of previous work, the drum speed should be kept as 
low as possible to reduce the impact effects on the 
grains. From experiments at the N.I.A.E. it has 
been found that wheat grains will withstand impacts 
up to about 3,500 ft./min. on the endosperm without 
serious damage, but only about 1,000 ft./min, on the 
embryo.
In subsequent experiments with rasp bar threshing 
drums, Arnold and Lake (23, 24) revealed the 
importance of removing grain from the path of the 
beaters if damage is to be avoided. Apart from the 
desirability of keeping the drum speed as low as 
possible, considerable reduction in damage resulted 
from the use of an open concave which was used in a
comparison study with a closed concave. With the 
open concave, approximately 75% of the grain could 
be expected to be separated and thus be spared of 
continual impact with the beaters. On the other 
hand, the closed concave causes the grain to remain 
in the path of the beaters until exit of the crop 
from the drum. In a further study, Arnold and 
Lake (25) studied the power requirements of rasp bar 
threshing drums in a laboratory set-up.
(c) Investigations in U.S.A. and Canada
For some time now the performance of the combine 
harvester has been the subject of investigation in 
the U.S.A. and Canada (2 6 - 29). Of the more recent 
studies is the work of Gross, Kepner and Jones (27). 
These workers performed experiments in California 
using commercial combine harvesters on barley.
While their work was directed more towards the study 
of the general performance characteristics of combine 
harvesters, their experiments included an assessment
of grain damage. They noted that variations in 
concave clearance and moisture content had some 
effect on damage, but their results were somewhat 
inconsistent and no firm conclusions could be made.
The amount of damage incurred was also noted to be 
dependent on crop variety. However, increase in 
drum speed was clearly shown to be the most 
significant factor in causing increased damage.
(d) Other Investigations
Schulze (30), successfully applied cine-photo- 
graphy to study the threshing action of a conventional 
beater drum and concave. The findings of this study 
served to dispel previous misconceptions regarding 
the operation of the beater drum and concave system.
Kerr and Raws on published details of a self- 
propelled combine harvester for experimental work in 
Queensland (31). While this machine has special 
provision for grain collection in experimental work, 
no indication is given of any studies being made of 
grain damage.
2.2 OTHER METHODS OF THRESHING
Despite the widespread application of the drum and concave 
principle of threshing in harvesting machines, researchers 
have also been studying the feasibility of other methods 
of threshing (32 - 39)- Although performance efficiency 
and design aspects have been the main considerations, in 
some cases attention has been given also to grain damage.
Kolganov (34) investigated the use of two drums or 
cylinders for the threshing operation. In the first drum 
the main part of the grain separation occurs and it was found 
that high speeds for this operation are not necessary. The 
final threshing is completed in the second drum which is 
required to operate at higher speeds than the first. The 
grain damage for both stages of threshing was considerably 
less than in conventional single stage threshing.
Centrifugal threshing is one method which has been recently 
undergoing analysis. This work was performed by Lamp and 
Buchele (35) and, as the name implies, the threshing involves 
separation of the grains from the head by centrifugal force.
In the experimental study, a number of wheat heads were 
attached to a drum which was rotated at varying speeds over 
the range 600 to 4?500 rev./min. A rubber lined plywood 
casing enclosed the rotating head, provision being made to 
drain off the separated grains. It was shown that 
satisfactory threshing could be accomplished by this method 
with minor visual damage. Germination tests showed that 
germination could be destroyed if the threshing force is 
too high, but under proper conditions invisible damage can 
be kept to a minimum.
Lalor and Buchele (36) have recently reported the findings 
of their cone threshing experiments. The core thresher, which 
was invented by Buchele in 1959 (37) consists essentially 
of two co-axial truncated cones, one being located within the 
other. The outer cone is perforated and remains stationary5 
the inner cone consists of eight rubber covered angle-bar 
beaters and rotates, the clearance between the two cones 
being in the order of inch, but also adjustable. The 
material to be threshed is fed from the truncated end into 
the annular space between the cones and moves along a helical
path discharging at the othor end. The separated seed 
passes through the perforations in the outer cone.
The threshing efficiency achieved was in the order of 
99$ at all rotor speeds. Although no results on grain 
damage are reported, the low speeds adopted (100 to 225 
rev./min) would suggest that damage would not reach 
objectionable levels. Experiments performed by Wessel (38) 
in Germany revealed that efficient threshing can be achieved 
by the use of conical rotors. These rotors consist 
basically of metal cones on the inside of which radial 
beater vanes are fitted. The cone is rotated to give 
approximately double normal beater bar tip speeds, and the 
resulting air movement serves to induce the crop to move 
along a central delivery tube. At the end of this tube 
the crop comes into contact with the beater vanes where the 
threshing takes place. All the material is then convoyed 
away from the centre of the cone by a combination of centrifugal 
force and draught. While the threshing efficiency of this 
arrangement compares favourably with that of the rasp bar
layout, grain damage is, probably, higher. Although this 
mechanism is simple in its operation, it is likely that 
some difficulties would be encountered in adapting it to 
the combine harvester.
Another method of threshing which has undergone invest­
igation utilizes an endless rubberized canvas belt carrying 
rasp bars which pass over two rollers and close to an open 
metal concave (39)• The threshing efficiency was found to 
be of a high order with good separation of the grain from 
the straw. However, the output is somewhat lower than 
normal and the belt is subject to quite appreciable 
wear. The extent of grain damage produced by this machine 
is not known.
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SECTION 3. GRAIN DAMAGE DUE TO AUGER CONVEYORS
3.1 EXPERIMENTAL WORK
The work has tnen performed on an auger test rig, Pig.3, 
which permits complete recirculation of the grain. This 
rig, originally designed for use in auger performance 
studies (40), comprises two augers, one 6 inch and the 
other 8 inch? the large auger is fixed at 55° to the 
horizontal while the angle of the small auger can be varied. 
For the experimental work, the small auger was set at 30°. 
The relevant details of the test augers are summarised in 
Table 1.
Two series of tests were conducted using the speed 
indicated in Table 2. The speeds at which the augers 
were set was governed by the speed range available on the 
8 inch auger. For each test, the two augers operated at 
the corresponding speeds for approximately the same output 
in accordance with the data presented by Roberts and 
Willis (3).
Table 1. Principal Dimensions of Augers
Dimension 6" Auger 8" Auger
Outside Diameter of Screw 
Core Tube Diameter 
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Test Series No. Auger Speeds r.p.m.
6 in. 8 in.
1 (high speed) 650 520
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Twelve bushels of mixed wheat were used for the tests, 
the wheat being passed through both augers a total number 
of 50 passes. Ten random samples were taken at 5> 10»
30, and 5° passes for Test No. 1 and at 10, 20, 30, 40 
and 50 passes for Test No. 2. The amount of damage 
was assessed on a weight basis by a sieving process 
utilizing a standard 2 mm. slotted sieve as adopted by the 
Australian Wheat Board for dockage determination. Sieving 
was carried out on each occasion for a period of one minute 
using a Gyrating Sieving Machine, In both series of 
tests, the grain was at a moisture content of 9$ (wet basis) 
which is below the maximum acceptable level of moisture 
content in this country.
3.2 RESULTS AKB DISCUSSION
Pig. 4 shows the results obtained in graphical form. 
Regression lines have been fitted and an analysis of variance 
performed to test the assumption of linearity. The results 





Mixed Wheats moisture content = 9% (w.b. )
2. REGRESSION EQUATION
% Damage by weight = 0.010 x no. of passes
+ 2.469
3. F. RATIO
Mean squares about Regression a 1 r 
Mean squares within Groups =
numerator, 3 degrees of freedom 
denominator, 45 " " "
Test No. 2
1. SAMPLE
Mixed Wheat5 moisture content = 9$ (w.b. ) 
(Separate batch to that used in Test No. 1 )
2. REGRESSION EQUATION
% Damage by weight = 0.000 x No. of passes
+ 5.O84.
3. E. RATIO
Mean squares about Regression fA
Mean squares with Groups. = ■
numerator, 4 degrees of freedom 1 
*- denominator, 54 " " " J
The analysis of variance has indicated that the 
assumption of linearity for the data of Test No. 1 is not 
strictly a valid one. However, for simplicity, and also 
in view of the small increase in total damage, the straight 
line plotted for Test No. 1 in Pig. 4 gives quite a 
reasonable indication of the results over the test range. 
For Test No. 2 the assumption of linearity is valid.
Overall these relationships reveal that the damage by- 
weight increased by 0.5$ in 50 passes for Test No. 1 at the 
higher speeds, while for Test No. 2 at the lower speeds, 
the damage did not increase. While the results apply to 
low moisture content wheat and to the auger test rig, the 
indications are that, under normal conditions, grain damage 
by auger conveyors is most likely to be negligible. 
Confirmation of these results is given in N.I.A.E. Report 
294 (41 ), which states that the damage sustained by wheat 
after passing through a commercial auger one hundred times 
was negligible.
Attention must be drawn to certain design features which 
are critical as far as damage is concerned. For instance, 
it was reported by Roberts and Willis (3 ), that radial 
casing clearances approximately equal to the grain size 
cause grain particles to become wedged between the auger 
and the casing. Such clearances should be avoided. Also 
it was shown by Roberts (4) that a circumferential discharge 
chute prevented grain compaction and greatly improved the 
discharge flow of grain from a steeply inclined model auger.
3.3 CRITICAL SPEEDS OF AUGER CONVEYORS
Operation of the test augers at or near the critical 
speeds at which resonance occurs produced more grain damage 
than under normal conditions. This damage is no doubt due 
to the crushing of the grain particles against the casing 
by the "whipping" auger flight. Apart from the grain 
damage aspect, operation in the critical speed range should 
always be avoided owing to the great likelihood of 
destruction of the conveying plant.
The knowledge of vibrations of uniform shafts and beams 
is well established, and it is clear that the natural fre­
quencies depend on such factors as the length and stiffness 
of the shaft or beam, the distributed weight, the rigidity 
of the support bearings and the deflected shape of the 
shaft or beam during vibration. In view of the last 
factor, there are theoretically an infinite number of 
natural frequencies, but the lowest or fundamental frequency 
is usually the most serious and it is the avoidance of 
operation at this frequency which is the prime concern.
In the case of the auger conveyor, the general design 
features and, in particular, the long lengths of auger flights 
employed in practice can result in the critical speed 
occurring well within the working range.
For a freely supported, uniform shaft or beam, the 
critical speed is given by
25.
NCK = 3°7T n 2/” i rev./min............ .. . . , . (1 )
acceleration due to gravity 
= 386 in./sec.2
E = modulus of Elasticity, lb./in.-
I = second moment of area of beam or 
shaft cross section about the 
transverse axis, in.4
L = length of beam or shaft, in.
w = distributed weight, lb,/in.
n = constant
The constant n takes on the values 1, 2, 3, 4 ... 
depending on whether the mode of vibration is the 
fundamental, 2nd, 3rd, 4"fch ... harmonic respectively.
In the case of an auger, some consideration of the 
stiffness of the helical blade is necessary. Owing to the 
complex shape of the blade and the indefinite nature of the 
constraints imposed by the attachment of the blade to the 
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difficult. However, in the analysis of transverse vibrations 
by Roberts and Arnold (7 )> it is shown that the blade 
contributes only a very minor amount to the total stiffness 
of the auger. This is due largely to the blade section 
being very thin in relation to its width.
Evidence gained experimentally supports the above findings. 
A deflection analysis was performed on the 6 in. auger of the 
test rig, the results being shown in Fig. 5« Graph 1 gives 
the mid-span deflection for the auger when centrally loaded^ 
Graph 2 shows the computed deflection which would be obtained 
by the central tube forming the auger core if subjected to 
the same loading. The relatively close agreement of the two 
graphs serves to illustrate that the helical blade produces 
very little stiffening effect. Apart from the reasons already 
stated* the low stiffness in this case is also due to the 
blade only being tack welded to the core at every half pitch.
Further evidence to support these findings was gained 
when an attempt was made to determine the stresses in the 
blade of the loaded auger, A thickness of approximately in.
3*0— ,
d0 On)
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of "araldite” was moulded and cemented (with reflective 
cement) to one complete pitch of the "blade. Using photo­
elastic techniques, no change in stress pattern was observed 
to take place during the loading and unloading of the auger. 
This also indicates the negligible stiffness of the blade.
A satisfactory estimate of the critical speed can be 
made by neglecting the stiffness of the blade altogether and 
basing the calculations on the core tube only. For a steel 
core tube equation (1 ) can bo simplified! the fundamental 
critical speed is given by
NCR = ^ 7 —  J d 02 + d .2 rev./min. . . .(2)
To aid in the determination of the critical speeds two 
nomographs have been prepared (8 ). The nomograph shown 
in Fig. 6 relates the outside and inside tube diameters with 
tube thickness. The nomograph sho\vn in Fig. 7 has been 
prepared to meet the requirements of equation (2), The 
following example which applies to the 6 in, test auger
27.
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illustrates the use of the two nomographs s-
Bxanrple - 6 inch Test Auger (Details given in Table 1 ).
In Fig. 6, a line is drawn connecting the outside 
diameter dQ - 2 inches with the tube thickness t = 16 gge. 
The approximate inside diameter, d^ = 1.87 inches is read 
off. (The correct value of d^ is 1.8 72 inches).
Now in Fig, 7 a, line connecting d^ = 2 inches with 
d^ = 1.8 7 inches is drawn^ this line intersects the O- axis 
at a value of a  = 2.73c Next, connect this value of a 
with the corresponding value of P that is, (3 = 2.735 
guide lines drawn between the 0: and P axes aid the 
transfer from & to P , Finally connect P = 2 , 7 3  with 
the value of L = 8 feet on the length axis. This line 
intersects the critical speed axis at the value of 
NqR = 1,420 rev./min.
Approximate measurements were made of the critical 
speed of the 6 in. auger over a range of elevation anglesf 
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computed value of 1,420 rev./min. is a reasonable estimate 
of the critical speed. However, it must be pointed out 
that the measured critical speeds are influenced by the 
unknown stiffness of the test rig structure as well as by 
any dynamic unbalance of the auger itself. These factors 
could account for some of the difference between the measured 
and computed speeds.
Equations (l) and (2) show that the critical speed varies 
inversely with the square of the conveyor length. A graph 
of critical speed versus length for a typical conveyor which 
has a 2 inch outside diameter by 16 gauge wall thickness core 
tube is shown in Fig. 9. Curve (a) shows the fundamental 
critical speeds and curve (b) shows the second harmonic.
It can be seen that the fundamental critical speeds for the 
longer length conveyors do occur well within the operating 
speed range of the conveyor^ even the speeds corresponding 
to the second harmonic are within the working range of the 
longer conveyors.
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For best operation, it is recommended that the conveyor 
speed should be chosen as far away from the critical speed 
as possible? the operating speed should be at least 15 per 
cent above or below the critical speed, as determined from 
Fig. 7.
The critical range to bo avoided for the fundamental 
case is shown by the shaded area in Fig. 9. For example, 
if the auger length is say, 12 ft, the operating speed should 
either be below 536 rev./min. or above 725 rev./min. As an 
alternative, if the operating speed is to be, say, 500 rev./min. 
the auger length should either be less than 1 2.5 ft. or greater
than 1 4 .3 ft.
\
Although the critical speeds of long augers are quite low, 
some compensation is gained as a result of the greater 
"fullness" of operation at the lower operating speeds. The 
"fullness" is a measure of the auger's carrying capacity 
during operation. Referring to Fig. 10 the "fullness" rj 
is expressed by
cl
Tly = ^  x 100 per cent.
"f— '* 
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Fig. 11 - TYPICAL FULLNESS GRAPHS 
F O R  6 in. AUGER CONVEYOR 
(Roberts and Willis)
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"Fullness" depends on the properties of the bulk material 
as well as on the geometrical proportions and operating 
speed of the conveyor. By way of example, typical 
"fullness" graphs based on the results of Roberts and 
Willis (3) are shown in Fig. 11. At the lower angles of 
elevation the "fullness" is near 100 per cent which means 
that the conveyor flight is almost completely supported within 
the casing§ therefore, the conveyor vibrations would be 
considerably reduced. By contrast, for operation in the 
vertical position, 100 per cent "fullness" is not obtained? 
the bulk material would serve to damp the transverse 
vibrations at the critical speeds, but this may not be 
sufficient to prevent damage both to the material and to 
the conveyor.
Conveyors with one support bearing only„
In agricultural bulk handling practice, it is not uncommon 
to find screw conveyors or augers in operation with only one 
support bearing located at the upper end. Such conveyors 
rely on both the casing and the material in transit to provide
support to the conveyor flight. The critical speeds under 
these conditions would he expected to be a good deal lower 
than those given by equations (1) and (2) and Fig. 7 for a 
two support bearing type conveyor.
In the idealised case, the single bearing type conveyor 
may be regarded as a cantilever which is rigidly supported 
at its upper end. The critical speed for this case is given
Comparing equations (1 ) and (3 ) it is readily deducible that 
the fundamental critical speed for a single bearing type 
conveyor may be obtained by multiplying the value read from 
the nomograph of Fig , 7 by the factor 0.357. This factor 
should be used with a good deal of discretion? the fact that 
the upper bearing may not be completely rigid and/or the 
conveyor flight may be partially supported by the grain will
t>y
(3)
where m  = 1 .8 75 for the fundamental critical speed
5 V
for higher harmonics.
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influence the critical speed computation.
Owing to the radial casing clearance, it is more likely 
that increased grain damage will occur as a result of any 
eccentric motion of the auger flight. Fig. 12 illustrates 
this point. Since the lower end of the auger is 
unsupported, the inertia effects will tend to cause the 
flight to "whirl” in the deflected shape shown (Fig. 12 
exaggerates this action). Although no experimental evidence 
had "been obtained, it is probable that grain damage would 
be higher in this type of auger due to grain particles being 
wedged between the flight and the casing at the lower end.
There would be some merit in operating the augers at the lowest 
speed practicable outside the critical speed in order to 




Grain damage in harvesting machines has been the 
subject of research and investigation in various parts 
of the world. The concentration has been on the 
threshing operation with particular emphasis on the 
beater-drum and concave method of threshing. High 
drum speed is clearly the most significant factor in 
causing increased damage. Variation in concave 
clearance has a relatively insignificant effect, although 
there is a tendency towards increasing damage as concave 
clearance is reduced particularly at higher drum speeds. 
Also, there is a tendency for damage to increase with 
increase in grain moisture content. Other methods 
of threshing have also been studied and, in certain 
cases, grain damage has been lower than normal# In 
general, however, these methods have not shown any 
real advantages over the existing beater—drum and concave 
method.
35.
(b) The experimental study performed on the grain auger 
test rig has shown that under normal conditions of 
operation, grain damage in auger conveyors is most 
likely to be negligible* Damage increases if the 
auger operates in the critical speed range for 
transverse vibrations, and it is clear that operation 
in this range should be avoided. Also, increased 
damage will occur if the radial casing clearance is 
approximately equal to the grain size. It is 
preferable, therefore, to employ clearances greater 
than the grain size. The likelihood of damage will 
be lessened if constrictions to the discharge flow of 
the grain from the auger are prevented.
(c) Owing to the low flexural rigidity of an auger conveyor? 
the critical speed for transverse vibrations may occur 
well within the working speed range. The flexural 
rigidity depends primarily on the rigidity of the 
central tube or core? the blade makes negligible 
contribution to the stiffness. The critical speed may
be computed with sufficient accuracy for practical 
purposes on the basis of the central tube only and 
neglecting the effect of the blade. While the grain 
in transit through an auger does offer some support to 
the auger flight, in most cases the fullness of 
operation is not sufficiently high to materially 
reduce the vibrations. The grain would produce a 
damping effect but this may not be sufficient to reduce 
the grain damage.
Auger conveyors with only one support bearing would, 
in general, have lower critical speeds than the 
equivalent conveyor with two support bearings. In 
view of the "whirling11 that could take place in such a 
conveyor due to eccentric rotation at the unsupported 
end there would tend to be an increased likelihood 
of grain damage. This type of conveyor would need to 
rely on the grain support and should operate at the 
lower speeds, outside the critical range, where the 
fullness is greater.
37.




3. Roberts, A. W. 
Willis, A. H.
4. Roberts, A. W.
5. Roberts, A. W.
"International Rules for Seed Testing". 
Proc. Int. Seed Test Assoc., 1959>
24 (3) 475.
"Grain Augers”
Power Farming, V69, No. 11, Nov. i960.
"Performance of Grain Augers”.
Proc. Inst. Mech. Engrs., Lond.,
1962, V176, No. 8, 165.
"Influence of a Circumferential 
Discharge Chute on the Perf ormance of 
a Model Grain Auger".
J. Agric. Engng. Res., 1963, 8 (2) 134
TIAn Investigation of Grain Vortex 
Motion with Relation to the Performance 
Within Vertical Grain Augers".
Proc. Inst. Mech. Engrs., Lond., 1963-64, 
V178, Part I, No. 12, 293.
38.
6. Roberts, A.W., 
Arnold, P.O.,
7. Roberts, A.W., 
Arnold, P.C.
8. Roberts, A.W., 
Arnold, P.C.,
9. Arnold, P.O., 
Roberts, A.W.,
10. Arnold, P.O., 
Roberts, A.W.
11. Arnold, P.O., 
Roberts, A.W.
"Do Grain Augers Damage Grain?"
Power Farming, September 1965? V74> No.9.
"Transverse Vibrations of Auger 
Conveyors”.
J. Agric. Engng. Res., 1965, 10, (3 ).
"Critical Speeds of Single Span Screw 
on Auger Conveyors".
Mechanical Handling (Lond.) April, 1965
"A New Machine for Determining
Mechanical Properties of Wheat Grains". 
Submitted for publication.
"Stress Distributions in Loaded Wheat 
Grains".
J. Agric. Engng. Res, 1966, 11, (1 ).
Bulletin on Mechanical and Rheological 









"Damage to Wheat Seed and Pea Seed 
in Threshing".
J. Agric. Engng. Res. 19^0, 5 (4) 
387.
"A Header Harvester for Research 
Purposes".
J. Agric. Engng. Res„ 19^1, 6 (3 ) 
237.
"Damage to Wheat and Pea Seed in 
Threshing at Varying Moisture 
Content",
J. Agric. Engng, Res. 1962, 7 (2) 
90.
"The Effect of Drum Setting and 
Crop Moisture Content on the 
Germination of Combine Harvested 
Wheat".











"The Effect of Drum Setting and Crop 
Moisture Content on the Germination 
of Combine Harvested Barley".
Rep. 56. Nat. Inst. Agric. Engng. 
Silsoe, England 1955«
"The Effect of Moisture Content of 
the Grain and the Drum Setting of the 
Combine-Harvester on the Quality of 
Oats".
J. Agric. Engng. Res. 1958, 3 (4 ) 336.
"The Effect of Harvest Damage on the 
Germination of Barley".
J. Agric. Engng. Res. 1959? 4 (l) 24.
"Effects of Harvest Damage on the 
Rate of Pall in Viability of Wheat 
Stored at a Range of Moisture Levels". 
J. Agric. Engng. Res. 1963, 8 (1) 7.
41.
20. Arnold, R. E., Jones, M.P. "A Survey of Grain Damage Incurred
and Drum Settings Used during the 
Combine-harvesting of Cappelle 
Desprey Wheat and Proctor Barley".
J. Agric. Engng. Res. 1963, 2 (8), 178.
21. Hebblethwaite, P., 
Hepherd, R. Q.
"A Detailed Test Procedure for 
Combine-harvesters".
Test Reports (Nos. 266-300) Nat. Inst. 
Agric. Engng. 1963. S365.
"Aspects of Combine—harvester Design". 
J. Instn. Agric. Engrs. 1962, 18 (3 ) 
96.
"Experiments with Rasp Bar Threshing 
Drums. I. Some Factors Affecting 
Performance".
J. Agric. Engng. Res., 1964, 9 (2 ), 99.
24. Arnold, R.E., Lake,J.R. "Experiments with Rasp Bar Threshing
Drums, II. Comparison of Open and 
Closed Concaves".
J. Agric. Engng. Res. 1964, 9 (3 ), 250.












Schulze, Von K. H.
"Experiments with Rasp Bar Threshing 
Drums III Power Requirements".
J. Agric. Engng. Res., 1964, 9 (3 )
348,
"Power Requirements of Combine Drives". 
Agricultural Engineering, 1954, 35 
(1) 15.
"Mechanical Injury due to Threshing
of Barley11- Agricultural Engineering 
1942, Vol. 23, (3).
•A. "Performance Characteristics of the
Grain Combine in Barley".
Agricultural Engineering, 1958, 39, 697.
"Evaluating Combine Performance 2 
A Global Approach".
Agricultural Engineering, March 1963, 
136.
Kinematographische Untersuchang 







matographic Investigation of the 
Threshing Process in a Beater Bar 
Drum".)
Grdlgn. d. Lantechn., 1956, Heft.
7, 113.
"A Self-Propelled Combine Harvester 
for Experimental Plots".
Qld. Jnl, Agric. Science, 1961, 18, 491*
"New Principles in Threshing Lima 
Bean Seed".
Agricultural Engineering, May 1937*
18, 205.
"Results of Tests of a Rubber Roller 
Bean Thresher".
Agricultural Engineering, June 1938,
19, 251.
"Mechanical Damage to Grain During 
Threshing". (Translation by
45.
40, Cumrning, G. H.
41. N. I.A.E. Report 294*
"Test Bench for Grain Augers" 
Unpublished B.E. Thesis 1958> 
School of Mechanical Engineering 
The University of New South Wales.
Farm Mechanisation.
June 19^2, p. 221.
46.
8. APPENDIX II. RESULTS.
Test No. 1. - Mixed Wheats M.C. ~ 9^ -u 
No. of passes - Nil.





1 461.0 11.3 2.45
2 451.6 11.0 2.44
3 464.8 10.1 2.18
4 449.4 10.2 2.27
5 447.9 9.8 2.18
6 447.4 10.6 2.38
7 457.7 10.6 2.32
8 451.0 10.2 2.26
9 452.9 10.5 2.32
10 454.1 9.8 2 .1 7
Mean 2 .3 0
47.
No. of passes - 5





1 4s- 00 • 11.7 2.60
2 460.6 10.9 2.42
3 448.3 12.5 2 .7 8
4 446.5 13.6 3.05
5 445.5 11. 0 2.48
6 450.0 12.4 2.7 6
7 451.7 11. 6 2.58
8 446.8 12.6 2.83
9 455.3 11. 8 2.59
10 449.4 12.9 2.87
MEAN 2 .7 0
of passes - 10





1 452.8 11.7 2.58
2 446.7 12.1 2 .72
3 448.2 11.9 2.66
4 450.1 12.3 2.73
5 450.3 12.8 2.84
6 450.2 11.7 2.59
7 449.6 11.5 2.56
8 553.5 12.7 2.29
9 442.2 11.4 2.58
10 446.8 12.6 2.82
Mean 2.64
49*
No. of passes - 30





1 447.5 11. 8 2.64
2 445.2 1 1. 2 2.52
3 450.1 12.2 2.71
4 452.8 11. 8 2.61
5
00•OLTs 12.4 2.75
6 444.8 12.4 2.79
7 448.8 12.5 2.79
8 449-0 1 3 .0 2.90
9 456.6 12.4 2.20
10 450.7 13.3 2.95
Mean 2.69
50.
No. of passes - 50
Tost No. 2. - Mixed Wheats m.c. ~ 9$ ============== ? "w.h.
51*
No., of passes - Nil.





1 457.7 22.5 4.92
2 458.7 22.2 4.84
3 451.0 21.8 4.83
4 457.9 24.3 5.30





7 457.6 2 4 .0 5.25
8 457.6 2 5 .0 5.46
9 456.8 23.4 5.12
10 4 61.0 21. 9 4.75
Mean 5.08
Mo. of passes - 10
52.





1 457.2 20.7 4.53
2 464.3 23.4 5.04
3 464.6 23.5 5.06
4 466.6 22.5 4.82
5 464.O 24.4 5.26
6 462.3 24.4 5.26
7 4 61.8 25.2 5.46
8 46O .1 23.3 5.07
9 467.2 22.6 4.84
i 10 462.7 23.0 4.97
Mean 5.03
53-
No. of passes - 20





1 463.4 23.9 5.16
2 463.9 23.3 5.03
3 464.8 2 1.8 4.69
4 464.5 25.9 5.58
5 463.8 23.3 5.03
6 469.1 22.3 4.76
7 469.4 22.0 4.69
8 464.8 24.7 5.32
9 465.3 2 5.0 5.37
10 464.2 24.0 5.17
Mean 5.08
Ho. of passes — 30
54*





1 469.0 23.5 5.01
2 472.7 25.3 5.36
3 470.7 24.9 5.29
4 480.3 24.8 5.17
5 471.1 24.5 5.20
6 473.3 22.2 4.70
7 464.6 25.3 5.44
8 465.4 24.8 5.33
9 470.0 23.9 5.08
10 466.6 23.6 5.06
Mean 5.16
of passes - 40
55-





1 467.4 23.3 4.98
2 462.8 24.7 5.34
3 466.1 23.9 5-13
4 467.2 26.0 5.56
5 466.8 2 4 o 5.25
6 468.4 22.0 4.7
7 471.0 22.5 4.78
8 470.6 21.2 5.51
9 472.9 22.7 4.80









1 470.3 22.6 4.81
2 469.6 23.8 5.07
3 471.2 24.4 5.18
4 469.1 23.3 4.97
5 472.9 25.O 5.29
6 4 70 .0 23.5 5.0
7 471.4 22.0 4.67
8 471.7 20.0 4.23
9 4 7 1 .9 24.6 5.25
10 472.1 25.8 5.45
Mean

